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The creation of induced pluripotent stem cells
(iPSCs) from somatic cells by ectopic expression of
transcription factors has galvanized the fields of
regenerative medicine and developmental biology.
Here, we report a kinome-wide RNAi-based analysis
to identify kinases that regulate somatic cell reprog-
ramming to iPSCs. We prepared 3,686 small hairpin
RNA (shRNA) lentiviruses targeting 734 kinase genes
covering the entire mouse kinome and individually
examined their effects on iPSC generation. We iden-
tified 59 kinases as barriers to iPSC generation and
characterized seven of them further. We found that
shRNA-mediated knockdown of the serine/threonine
kinases TESK1 or LIMK2 promoted mesenchymal-
to-epithelial transition, decreased COFILIN phos-
phorylation, and disrupted Actin filament structures
during reprogramming of mouse embryonic fibro-
blasts. Similarly, knockdown of TESK1 in human
fibroblasts also promoted reprogramming to iPSCs.
Our study reveals the breadth of kinase networks
regulating pluripotency and identifies a role for cyto-
skeletal remodeling in modulating the somatic cell
reprogramming process.
INTRODUCTION
Generation of induced pluripotent stem cells (iPSCs) by ectopic
expression of four transcription factors, Oct4, Sox2, Klf4, and
c-Myc (OSKM, referred to here as 4F) (Takahashi andYamanaka,
2006) has created enthusiasm in regenerative medicine anddevelopmental biology. iPSCs, which exhibit properties similar
to embryonic stem cells (ESCs), can be generated from human
and mouse cells not only with OSKM (Lowry et al., 2008; Park
et al., 2008; Takahashi et al., 2007; Wernig et al., 2007) but also
with an alternative set of factors, namely, Oct4, Sox2, Nanog,
and Lin28 (Yu et al., 2007). Numerous cell types from different
tissues have been successfully reprogrammed, but in each
case, heterogeneity, retroviral integration, and low reprogram-
ming efficiency have been the major roadblocks to iPSC deriva-
tion and therapeutic use. Recent efforts have focused on
screening for small molecules that enhance reprogramming
efficiency and/or on developing newmethods for iPSCderivation
(Ichida et al., 2009; Lyssiotis et al., 2009; Maherali and Hoched-
linger, 2009; Shi et al., 2008; Yang et al., 2011). Intriguingly, a
recent study reported that a cocktail of seven compounds
could generate iPS cells from mouse somatic cells, up to 0.2%
efficiency, without any exogenous transcription factors (Hou
et al., 2013).
Recent years have seen rapid progress in the development of
patient-specific iPSCs, which have created new opportunities
not only to understand disease pathophysiology but also to
develop therapeutics. Although recent technological advances
have increased our understanding of the genomic and proteomic
networks involved in reprogramming, relatively little is known
about the signaling networks that regulate ESC fate and iPSC
generation. Protein kinases regulate signal transduction in all
eukaryotic cells and play essential roles in many processes,
including cell proliferation, cell cycle progression, metabolic
homeostasis, transcriptional activation, neurotransmission, dif-
ferentiation and development, and aging (Lu and Hunter, 2009).
Thus, we hypothesized that kinases would likely play pivotal
roles in inducing pluripotency and determining cell fates during
differentiation. A recent kinase inhibitors screen identifying small
molecules that enhance, or present a barrier to, reprogramming
further supports this hypothesis (Li and Rana, 2012). ForCell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc. 523
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Figure 1. Kinome-wide RNAi Screen for Reg-
ulators of Somatic Cell Reprogramming
(A) Experimental design. Oct4-GFP MEFs were
transduced on day 0 (D0) with retroviruses encoding
the four pluripotency factors, Oct4, Sox2, Klf4, and
c-Myc (OSKM; 4F), to induce reprogramming. A
total of 3,686 lentiviruses carrying shRNAs targeting
the entire kinome were produced in 293FT cells. On
day 3 after 4F transduction, MEFs were infected
with individual lentiviruses in separate wells. ES
medium was changed on day 4 and every other day
thereafter until GFP+ colonies were quantified on
day 20. The pLKO.1/TRC-Mm1.0 vector expresses
shRNAs from a U6 promoter and includes down-
stream central polypurine tracts (cPPT).
(B) Identification of barrier kinases from the primary
screen. Dot-plot shows the result of the primary
screen assessing the effects of 3,686 shRNAs
targeting 734 kinase genes. Results are expressed
as the fold change in GFP+ colony counts after
normalization to the control pLKO lentiviral-infected
cells. The red line indicates the 2-fold threshold
used to select barrier kinases as hits. Validation of
153 genes from the primary screen was performed
in duplicate in a 12-well format in the secondary
screen. Subsequently, 59 genes were further vali-
dated in a tertiary screen in a 12-well format in
duplicate and repeated five times. Red dots indicate
shRNAs targeting the six kinases that were selected
for further investigation.
See also Figure S1 and Tables S1–S3.
Cell Stem Cell
Kinome-Based Mechanisms of iPSC Generationexample, inhibitors of p38, inositol trisphosphate 3-kinase, and
Aurora kinase A potently enhanced reprogramming efficiencies
and iPSCs achieved a fully reprogrammed state (Li and Rana,
2012). In addition, short hairpin RNA screen targeting 104 ESC-
associated phosphoregulators identified Aurora kinase A as an
essential kinase in ESC because depletion of this kinase severely
affected self-renewal and differentiation (Lee et al., 2012).
Here, we report a kinome-wide RNAi screen to identify kinases
that regulate somatic cell reprogramming to iPSCs. In particular,
we uncovered a critical role for cytoskeletal remodeling in iPSC
generation and identified two key serine/threonine kinases,
TESK1 (testicular protein kinase 1) and LIMK2 (LIM kinase 2),
which specifically phosphorylate the actin-binding protein
COFILIN (COF) andmodulate reorganization of the actin cytoskel-
etonduring reprogramming.Over thepast several years,anumber
of kinases and transcription factors have been discovered to have
important functions in reprogramming, but the role of cytoskeletal
remodeling in pluripotency and cell fate decisions has not been
explored. Our results show that knockdown of TESK1 or LIMK2
in mouse embryonic fibroblasts (MEFs) promotes mesenchymal-
to-epithelial (MET) transition, decreases COF phosphorylation,
and disrupts the actin cytoskeleton during reprogramming.
RESULTS
A Kinome-wide Functional Analysis Identifies Kinases
Regulating Reprogramming
To identify and determine the function of kinases that regulate
somatic cell reprogramming to iPSCs, we carried out a whole-524 Cell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc.kinome RNAi screen (Figure 1A). MEFs harboring a stably inte-
grated Oct4/Pou5f1-driven GFP construct served as a reporter
cell line allowing us to monitor iPSC generation quantitatively.
Oct4-GFP MEFs were retrovirally transduced with OSKM (4F)
and GFP+ colonies, indicative of fully reprogrammed iPSCs.
These cells were used to screen a 3,686 lentiviral shRNA library
targeting 734 kinase genes covering the entire mouse kinome.
Oct4-GFP MEFs were transduced with the shRNA lentiviruses
3 days after 4F infection and examined in the iPSC generation
assay 13 days later (Figure 1A; Experimental Procedures). A
dot-plot representation of the results of the primary screen
shows the fold change inGFP+ colony counts after normalization
to GFP+ colonies in control pLKO lentivirus-infected cells
(Figure 1B).
In the primary screen, a kinase was classified as a positive hit
if: (1) two to five small hairpin RNA (shRNA) constructs targeting a
single kinase caused R2-fold increase in the number of GFP+
cells (indicated by a red line in Figure 1B), or (2) a single shRNA
targeting a single kinase caused a R6-fold increase in GFP+
cells (Figure 1B). The primary screen revealed 153 hits, which
underwent a secondary validation screen in a 12-well format
(Figure S1A available online), yielding 59 hits (Figure S1B; Tables
S1 and S2). Finally, the 59 hits were further validated in a tertiary
screen performed in the same format and repeated five times.
Because cell cycle control is one of the key pathways that regu-
late the reprogramming process (Ruiz et al., 2011), we selected a
panel of 15 candidate kinases from the 59 genes for examination
of their effects on the cell cycle (Table S3). Small interfering
RNA (siRNA)-mediated knockdown of most of the 15 genes
AB
Figure 2. Lentivirus-Based Knockdown of
Seven Kinases at Different Times during
Reprogramming Reveals the Existence of
Time Windows Critical for Enhancing Re-
programming and Their Role in MET
(A) The effects of silencing p53 and seven selected
kinases on reprogramming efficiency were evalu-
ated at different times after 4F transduction. Oct4-
GFPMEFswere transducedwith 4F and passaged
at 2 days postinfection (dpi). Lentivirus-based
shRNA knockdown was performed on the indi-
cated days by adding fresh virus-containing
supernatants. GFP+ colonies were counted on 18
dpi. Results show the fold increase in GFP+ col-
onies relative to numbers obtained with empty
pLKO.1. Results are mean ± SD of two indepen-
dent experiments performed in triplicate.
(B) Knockdown of p53 and the seven kinases
enhances MET in 4F-transduced MEFs. E-cad-
herin expression served as a marker for induction
of MET during the initial stage of reprogramming.
MEFs were transduced with shRNAs targeting p53
or the seven kinases in the presence of 4F. Empty
vector or a nontargeting shRNA served as con-
trols. Total RNA was harvested on day 3 after
shRNA lentiviral infection and E-cadherin expres-
sion was measured by RT-qPCR.
See also Figure S2 and Table S4.
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cycle and increased the percentage in G2, similar to the effects
of p53 knockdown (Figures S1C–S1F).
Identification of Seven Kinases that Promote MET in
the Initial Reprogramming Step
We used IPA software (Ingenuity System version 8.7) to analyze
the molecular functions and canonical pathways that were sig-
nificantly overrepresented among the 59 identified kinases
(right-tailed Fisher’s exact test, p < 0.05) and then analyzed the
biological functional networks using the Ingenuity Pathways
Knowledge Base (IPKB) system. From this, we identified four
networks in which the 59 kinases showed highly interconnected
molecular functions: (1) amino acid metabolism, posttransla-
tional modification, and small molecule biochemistry, (2) geneCell Stem Cell 14, 523–expression and cellular development, (3)
cell cycle, cell signaling, and cell death,
and (4) cellular growth and proliferation
and cancer (Figure S2A). Of the 59
kinases identified as barriers in iPSC
generation, five function in the integrin-
linked kinase (ILK) signaling network.
For further study, we selected seven
kinases that (1) when knocked down,
resulted in a consistent >2-fold increase
in GFP+ colony formation in multiple
experiments, (2) were more highly ex-
pressed in MEFs than in mESCs, and (3)
were involved in a variety of functions
that might relate to development and
iPSC biology (Tables S2 and S4). Thesekinases were DGKε, PLK2, TESK1, LIMK2, BMP2K, BMPR2,
and MAPK1. The function of MAPK1 as a barrier to iPSC gener-
ation has previously been reported (Nichols et al., 2009). To
determine the time frame during which these kinases function
in reprogramming, MEFs were transfected with specific shRNAs
at various times between 3 and 10 days postinfection (dpi) with
4F. As shown in Figure 2, the effect of shRNA-mediated knock-
down (KD) of p53 (a positive control) or TESK1 on reprogram-
ming was maximal when shRNA was transduced on 6 dpi. A
similar trend was observed when BMP2K expression was
reduced, whereas maximal enhancement of reprogramming
efficiency by the remaining kinases was obtained when they
were knocked down on 3 dpi and did not change thereafter.
The efficiency of shRNA-mediated KD of kinases was confirmed
by measuring mRNA on different days (Figure S2B).534, April 3, 2014 ª2014 Elsevier Inc. 525
Figure 3. shTESK1-iPSCs Exhibit a Fully Pluripotent State
(A) TESK1 overexpression compromises reprogramming efficiency. TESK1 or HA-TESK1 were cloned and expressed during 4F transduction. Immunoblotting
confirmed the protein expression and function by enhancing cofilin phosphorylation (Figure S4B). Reprogramming efficiency was decreased more than 80% in
TESK1-overexpressing cells compared with pMX-dsRed control-transduced cells.
(B) shTESK1-iPSCs switch on endogenous mESC markers. GFP+ shTESK1-iPSCs cultured on feeder layers and collected on 16 dpi show positive staining for
SSEA-1, Nanog, and alkaline phosphatase (AP), all indicators of pluripotency.
(C) shTESK1-iPSCs can differentiate into three germ layers in vitro. Embryoid bodies formed from shTESK1-iPSCs were collected on day 14, fixed with 4% PFA
and immunostained for b-tubulin III (ectoderm), sarcomeric actinin (mesoderm), or a-fetoprotein (AFP; endoderm). Insets show DAPI staining of nuclei (blue) in a
wider field of view.
(D) shTESK1-iPSCs can differentiate into many lineages in vivo. shTESK1-iPSCs were injected subcutaneously into the backs of Nude mice. Teratomas were
removed at 3–4 weeks and stained with H&E.
(E) shTESK1-iPSCs show gene expression profiles similar to mESCs. Genome-wide mRNA expression of shTESK1-iPSCs was compared with mESCs and MEF
controls.
See also Figure S3.
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initial stages of reprogramming (Li et al., 2010; Samavarchi-
Tehrani et al., 2010), we examined E-cadherin expression,
which is upregulated during MET, to determine whether
shRNAs targeting the seven kinases facilitated this step
of iPSC generation. Efficient knockdown of all target
kinases (Figure S2C) resulted in a 1.5- to 2-fold increase in
E-cadherin expression compared to control MEFs infected
with nontargeting shRNA vector (Figure 2B), which was similar
to that induced by knockdown of p53 (2.5-fold; Figure 2B).
Collectively, these data indicate that knockdown of the
selected seven kinases promotes MET at the initial reprogram-
ming step.526 Cell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc.Kinase-Depleted MEFs Reprogram to the Fully
Pluripotent State
To address if the overexpression of a barrier kinase would
compromise reprogramming, we cloned and expressed TESK1
or HA-TESK1 during 4F transduction. Immunoblotting confirmed
the protein expression and function by enhancing COF phos-
phorylation (Figure S4B). We observed that overexpression of
TESK1 decreased reprogramming efficiency of MEFs by more
than 80% (Figure 3A).
Next, to determine if MEFs could be fully reprogrammed
following knockdown of the barrier kinases, we characterized
iPSC clones obtained following silencing of each kinase. After
confirming that the shRNAs were integrated into the iPSC
Cell Stem Cell
Kinome-Based Mechanisms of iPSC Generationgenomes (Figure S3A), we derived several iPSC clones for each
kinase shRNA and examined them for expression of pluripotency
markers. All clones were GFP+, indicative of reactivated Oct4
expression, and expressed alkaline phosphatase (AP), Nanog,
and SSEA1 (Figures 3B and S3B). To investigate whether
shRNA-iPSCs exhibited the full differentiation capacity of
mESCs, we evaluated embryoid body (EB) formation. All derived
clones showed efficient EB formation, and EBs showed positive
staining for the lineage markers b-tubulin III (ectoderm), a-feto-
protein (AFP; endoderm), and a-actinin (mesoderm) (Figures
3C and S3C). We also examined the pluripotency of shTESK1-
iPSCs in vivo by examining teratoma formation in Nude mice;
indeed, we found that teratomas containing all germ layers
were readily formedwithin 3–4weeks of cell injection (Figure 3D).
Whole-genome mRNA expression profiling also indicated that
shTESK1-derived iPSC clones exhibited a gene expression
pattern more similar to mESCs than to MEFs (Figure 3E).
shTESK1-iPSCs were also able to generate chimeric mice
when injected into recipient blastocysts (Figures S3D and
S3E). Additional siTESK1-iPSCs were derived and their differen-
tiation capacity was confirmed by formation of teratomas (Fig-
ure S3F) and generation of live chimeric mice (Figure S3G).
Taken together, these data suggest that the kinase RNAi-derived
iPSCs had reached a fully reprogrammed state.
TESK1 Regulates Reprogramming through Effects on
the Cytoskeleton
The functional activity and mechanism of two kinases was
examined in further detail. TESK1 and LIMKs specifically phos-
phorylate the Actin-binding protein COF at serine 3 (Ser-3)
in vitro and in vivo, and TESK1 stimulates formation of both actin
stress fibers and focal adhesions (Toshima et al., 2001). Cofilin
binding depolymerizes Actin, an activity inhibited by Ser-3
phosphorylation (Agnew et al., 1995). LIMK1 phosphorylation
of COF has been suggested to play a role in Rac-mediated reor-
ganization of the actin cytoskeleton (Yang et al., 1998). Because
our analysis of the ILK signaling network by the IPKB system
(Figure S5A) suggested that two of our identified kinases,
TESK1 and LIMK2, phosphorylate COF, we hypothesized that
knockdown of TESK1 and LIMK2 might enhance iPSC genera-
tion through effects on the actin cytoskeleton. Consistent with
this,MEFs expressed higher levels of TESK1and phosphorylated
cofilin (P-COF) than mESCs (Figure 4A) and exhibited a more
highly organized actin cytoskeleton under confocal microscopy
(Figure 4B). Quantitative analysis of band intensities revealed
that mES cells had 70% lower P-COF/T-COF levels compared
to MEFs (Figure 4A).
To determine the role of TESK1 in stabilization of the cyto-
skeleton, we evaluated actin organization in MEFs treated
with control siRNA or siTESK1. TESK1-KD MEFs showed
decreased levels of P-COF, but not total cofilin (T-COF) (Fig-
ure 4A, right), and clear perturbation of the actin cytoskeleton,
visualized by confocal microscopy (Figure 4C). Whereas
MEFs expressing control siRNA exhibited polynucleation of
actin filaments, this filamentous structure was disrupted in
TESK1-KD and COF-KD MEFs (Figure 4C). These findings
were supported by electron microscopic (EM) analysis of
whole-mount MEFs cells expressing control or TESK1 shRNA
(Figure 4D). This analysis allowed us to directly image thedistinct morphologies of the leading edges of the cells and their
associated transverse Actin bundles (Figure 4D, dark gray or
highlighted in red). In control cells, dense, directional stress
fibers were found at the cell edge interspersed with isotropic
actin networks. In contrast, the morphology of TESK1-KD
MEFs revealed a loss of filaments in the ordered array of bun-
dles, but the homogenous, isotropic filament networks were
maintained. A few ruffles were also visible at the leading edge
area (Figure 4D, arrows), and the few bundles present in the
TESK1-KD cells were superimposed by a dense, homogeneous
filament array characteristic of a lamella network. These struc-
turally distinct networks are also defined by their molecular,
kinetic, and kinematic signatures.
We next examined cofilin phosphorylation and structural
changes in the actin cytoskeleton structures during reprogram-
ming. For this, MEFs were transduced with OSKM followed by
shTESK1, shLIMK2, or control shRNA on various days (D2, D4,
and D6). TESK1 and LIMK2 knockdown MEFs showed
decreased levels of P-COF compared with control MEFs, and
these changes correlated well with the enhanced remodeling
of the actin cytoskeleton in TESK1- and LIMK2-KD cells (Fig-
ure S4A). Collectively, these findings suggest that TESK1 and
LIMK2 play important roles in remodeling of the actin cytoskel-
eton during iPSC generation.
To probe this further, we examined the effects of retroviral-
mediated overexpression of unmodified or HA-tagged TESK1
protein in MEFs (confirmed by immunoblotting; Figure S4B).
Notably, overexpression of TESK1 resulted in a corresponding
increase in phosphorylated, but not total, COF (Figure S4B).
Moreover, overexpression of TESK1 decreased reprogramming
efficiency of MEFs by more than 80% (Figure 3A) and decreased
pluripotent marker expression in CCE mESCs (Figure S5E).
These data confirm that TESK1 acts as a barrier kinase for
iPSC generation and further suggest that TESK1 and LIMK2
modulate reprogramming through effects on COF phosphoryla-
tion and cytoskeletal remodeling.
Recently, Wiggan et al. (2012) reported that from unicellular
organisms to humans, ADF/cofilins have a conserved function
to inhibit Myosin II-Actin binding. Because phosphorylation of
cofilin inactivates its interaction with Actin, we reasoned
that TESK1 or cofilin depletion would regulate the physiological
and competitive equilibrium between actin-cofilin and myosin-
actin interactions, thus providing further insight into the TESK1
role in cytoskeletal reorganization. To address this hypothesis,
we treated MEF cells with siRNAs targeting TESK1, COFILIN
(COF), or siNT and untreated MEF cells were used as controls.
Confocal images of MEF cells immunostained for Myo IIb
(green) and F-actin using Rhodamine phalloidin (red) were
obtained (Figure S4E). In control cells, MyoIIb was found on
the Actin cables (marked by broken white line). Similarly, in
siCOF-treated cells, Myo IIb was also located on the actin cables
(marked by broken lines). On the other hand, in siTESK1-treated
cells, MyoIIb was found dispersed without forming obvious foci
on the Actin cables. In TESK1 knockdown cells, which have
less P-COF than control NT cells and hence increased levels of
active COF, we found decreased colocalization of Myosin on
the Actin cables compared to either control or COF knockdown
cells. These findings further support our results presented above
suggesting that TESK1 regulates the Actin cytoskeleton throughCell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc. 527
(legend on next page)
Cell Stem Cell
Kinome-Based Mechanisms of iPSC Generation
528 Cell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc.
Cell Stem Cell
Kinome-Based Mechanisms of iPSC GenerationCOF phosphorylation and TESK1 indeed plays a role in main-
taining the equilibrium between active and phospho-COF levels
in MEF cells.
Cofilin Phosphorylation Modulates Reprogramming
To determine the dynamics of cofilin phosphorylation (P-COF)
during reprogramming, MEFs were transduced with OSKM, cells
were harvested on various days (D3, D6, and D9), and P-COF
and total cofilin (T-COF) levels were analyzed by immunoblot-
ting.When comparedwithmES andMEF cells, P-COFwas grad-
ually increased during reprogramming from D3 to D9 while
T-COF remained unchanged (Figure 5A). We also analyzed
E-CAD expression levels that served as an indicator of MET
and ES cell states (Figure 5A).
To determine whether cofilin phosphorylation is specifically
required to induce cytoskeletal remodeling and affect reprog-
ramming, we transduced MEF cells with one of two retroviral
GFP constructs encoding wild-type cofilin (COF-WT-GFP) or
a nonphosphorylatable serine 3 point mutant (COF-S3A-GFP).
Extracts of these cells were prepared and analyzed by immuno-
blotting to verify protein expression and confirm that COF-WT-
GFP but not COF-S3A-GFP was phosphorylated in MEFs
(Figure 5B). Next, we analyzed reprogramming ofMEFs express-
ing COF-WT-GFP or COF-S3A-GFP in the presence and
absence of TESK1. Because TESK1 and LIMK2 are not limiting
in cells, we reasoned that overexpression of wild-type cofilin
would lead to increased amount of P-COF, unlike in the situation
where overexpression of mutant COF that cannot be phosphor-
ylated. In addition, overexpression of WT-COF may not compet-
itively perturb the balance between the nonphosphorylated and
P-COF while mutant COF overexpression would tilt the balance
toward the nonphosphorylated-COF. Thus, an increase in iPS
generation should be observed when mutant COF was over-
expressed and not with COF-WT overexpression. Consistent
with our rationale, overexpression of the nonphosphorylatable
COF-S3A-GFP mutant protein showed enhanced iPSC pro-
duction mimicking the TESK1 knockdown effects, while the
overexpression of its wild-type counterpart showed insignificant
reduction in the iPS colony formation (Figure 5C). Furthermore,
overexpression of the HA-TESK1 along with either COF-S3A-
GFP or COF-WT-GFP rescues the phenotype shown by over-
expression of these constructs in isolation. Taken together,
these results establish the specificity of cofilin phosphorylationFigure 4. TESK1 Regulates Cytoskeletal Remodeling during Reprogra
(A) TESK1 is highly expressed in MEFs and regulates cofilin phosphorylation. T
detected by immunoblotting of extracts from Oct4-GFP MEFs, mESCs, or MEF
GAPDH served as an internal control.
(B) Visualization of polynucleation of actin filaments. Actin filaments were detecte
represent 20 mm
(C) TESK1 knockdown disrupts actin filamentous structure. Actin cytoskeleton o
control siRNA or sRNA targeting TESK1 orCOF. The top, middle, and bottom pane
bars represent 5 mm.
(D) Imaging ofMEFs expressing nontargeting shRNA (top row, control) or shTESK1
(cLEM) approach. The same cells (regions) are imaged by light microscopy (LM)
boxes in the left columns (LM) mark the areas also imaged by TEM in the subse
dominate the images of whole-mount shTESK1 cells, whereas in the control, shRN
be observed. LM image is rotated by 45 anticlockwise in the TEM present
by 20 anticlockwise with respect to the TEM images. Scale bars represent 20
See also Figure S4.and its role in iPSC production and further support the notion
that TESK1 acts as a barrier to reprogramming by promoting
cofilin phosphorylation.
Crosstalk between Enzymes of the ILK and TGF-b
Pathways Regulates Cytoskeletal Remodeling
Cofilin phosphorylation and actin cytoskeleton remodeling are
observed following activation of both the ILK pathway enzyme,
TESK1 (Toshima et al., 2001), and the TGF-b pathway enzyme,
LIMK2 (Vardouli et al., 2005). Therefore, we next asked whether
theremight be crosstalk between these pathways during reprog-
ramming. The involvement of TGF-b and its downstream effector
protein ERK1/2 in reprogramming of somatic cells is well estab-
lished. Inhibition of the TGF-b pathway activates reprogramming
(Ichida et al., 2009; Li et al., 2009; Lyssiotis et al., 2009; Maherali
and Hochedlinger, 2009; Shi et al., 2008), and blocking ERK
activity can lead to reprogramming of neural stem cells (Silva
et al., 2008). Mouse ESC self-renewal is promoted by suppres-
sion of the phosphatase SHP-2 and ERK1/2, and conversely,
is impaired by ERK activation (Burdon et al., 1999). As reported
previously, we observed that ERK phosphorylation is downregu-
lated in mESCs compared with MEFs (Figure 5D), which secures
the ground state of ESC self-renewal (Nichols et al., 2009). Inter-
estingly, we found that expression of phosphorylated ERK1/2
was decreased in shTESK1-KD MEFs, whereas total ERK 1/2
and Spry2 levels were unaffected (Figure 5D).
To determine if crosstalk between the ILK and TGF-b path-
ways might contribute to regulation of the cytoskeletal structure
in MEFs, cells were seeded on control plates coated with gelatin,
or plates coated with the integrin ligand fibronectin or a fibro-
nectin analog. Cells were untreated or 4F-transduced and then
harvested on different days. Immunoblot analysis of total cell
lysates showed that incubation of cells on fibronectin or the
analog induced ERK1/2 and cofilin phosphorylation but did not
affect total ERK and cofilin levels (Figure 5E). Actin cytoskeletal
remodeling was also observed upon treatment with the ligands.
Both fibronectin and its analog induced an extensive poly-
nucleated mesh-like network of the actin cytoskeleton in the
presence and the absence of 4F (Figure S5B). Treatment of cells
with the TGF-bR1 inhibitor accelerated dissolution of the fila-
mentous structure, and this was evident as early as day 3 (data
not shown). These data altogether suggest the existence of
crosstalk between the ILK and TGF-b pathways at the levelmming
ESK1, phosphorylated (P-) cofilin, and total (T-) cofilin expression levels were
s transfected with TESK1-targeting siRNA (siTESK1) or control siRNA (siNT).
d by staining MEFs and mESCs with rhodamine-labeled phalloidin. Scale bars
rganization was visualized by confocal microscopy of MEFs transfected with
ls show the basal section, middle section, and Z-projection, respectively. Scale
(bottom row) was performed using a correlative Light and ElectronMicroscopy
(left columns) followed by Transmission Electron microscopy (TEM). The white
quent columns. An isotropic F-actin network and vertical ruffles (blue arrows)
A cells, a clear dense population of oriented actin bundles (colored in red) can
ation of the control cells, and in the shTESK1 panel the LM view is rotated
mm.
Cell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc. 529
A B C
D
E
Figure 5. Cofilin Phosphorylation Modulates Reprogramming
(A) Cofilin phosphorylation (P-COF) is dynamically regulated during the reprogramming process. 4F transduced MEFs were harvested on different days (D3, D6,
and D9) and the cell lysates were used to analyze P-COF and total cofilin (T-COF) levels by immunoblotting. GAPDH served as loading control while E-CAD served
as marker for MET and ES cell states.
(B) Immunoblot analysis of MEF cells overexpressing GFP-fusion proteins, wild-type cofilin (COF-WT-GFP) or amutant cofilin (COF-S3A-GFP), in the presence of
nontargeting (siNT) or cofilin-targeting (siCOF) siRNA. Empty expression vector was used as a transfection control and GAPDH was used as loading control.
Arrowhead indicates exogenously expressed cofilin-GFP and arrow indicates endogenous cofilin.
(C) Phosphorylation incompetent cofilin promotes iPSC generation. Quantification of SSEA1+ iPSC colonies obtained from MEFs transduced with OSKM plus
empty vector, wild-type cofilin (COF-WT-GFP), mutant cofilin (COF-S3A-GFP), COF-WT-GFP+HA-TESK1, or COF-S3A-GFP+HA-TESK1. Results are the
means ± SD of three independent experiments.
(D) Knockdown of TESK1 decreases ERK phosphorylation. Immunoblotting of TESK1, ERK1/2, phospho-ERK1/2, and Spry2 in Oct4-GFP MEFs, mESCs, and
nontargeting (NT) shRNA- and shTESK1-transduced Oct4-GFP MEFs 4 days posttransduction. GAPDH served as an internal control.
(E) Activation of the ILK signaling pathway results in ERK and cofilin phosphorylation. MEFs were grown on plates coated with fibronectin (Fbn) or a fibronectin
analog (Fbn-Anlg) to induce the ILK signaling pathway. MEFs seeded on gelatin-coated plates served as controls. Immunoblot analysis of phospho- and total
ERK and cofilin in cell lysates prepared on 4 dpi.
See also Figure S5.
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observations on actin cytoskeleton remodeling.
Expression of ILK Pathway Genes and TESK1 Is Altered
during Reprogramming
To determine how the expression of ILK pathway genes changes
during reprogramming, we examined expression in MEFs on
different days after 4F transduction and compared the pattern
with that in MEFs and mESCs. Virtually all of the ILK pathway
genes examined were severely downregulated in CCE mESCs
comparedwithMEFs (Figure S5C). However, the expression pat-
terns of individual genes varied over the course of reprogram-
ming. Some geneswere downregulated as early as 3 dpi (Integrin
b3, ILK, b-actin), others were up- or downregulated during the530 Cell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc.reprogramming process and were then extinguished at the fully
pluripotent stage (Integrin a6 and b1), and some showed very
little change in expression during reprogramming (Rac and
LIMK2). Interestingly, TESK1 and LIMK1 were upregulated
soon after 4F transduction and were fully downregulated only at
the ESC stage (Figure S5C). We also examined which transcrip-
tion factor(s) play critical roles in regulating expression of
individual genes by transducing MEFs with the four factors in all
possible combinations. qRT-PCR analysis of cells on 8 dpi iden-
tified Klf4 as the key regulator of TESK1 expression, although
other factors also contributed (Figure S5D). Furthermore, overex-
pression of HA-TESK1 in ES cells reduced the levels of pluripo-
tency marker genes (Figure S5E). Klf4 also regulated the expres-
sion of LIMK1 and b-actin. For LIMK2, Rac, ILK, and Integrin b1
A D
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Figure 6. TESK1 Knockdown Promotes
Reprogramming of Human Fibroblasts
(A) Left: number of AP+ clones derived from
human BJ fibroblasts transfected with non-
targeting (siNTC) or TESK1-targeting (siTESK1)
siRNA. Right: RT-qPCR of TESK1 mRNA levels in
control and TESK1-KD cells.
(B) Representative AP+ clones derived from
reprogramming of human BJ cells expressing siNT
or siTESK1.
(C) Expression of ESC pluripotent markers in
iPSCs derived from human BJ cells expressing
siTESK1. Staining for SSEA-3, NANOG, SOX2,
Tra-1-81, Tra-1-60, and OCT4 was performed.
(D) Teratoma formation shows the pluripotency of
iPSCs. Cells were injected into SCID mice and
tumors were harvested 8 weeks later and stained
with H&E.
(E) Normal karyotype of a human siTESK1-iPSC
clone.
See also Figure S6.
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sion preferentially. Integrin a6 and b3 were upregulated by Klf4
but downregulated by other factors (Figure S5F). Taken together,
these data indicate that the expression of ILK pathway genes and
TESK1 is regulated by all four reprogramming factors, with Klf4
playing the most significant role.
TESK1KnockdownPromotes Reprogramming of Human
Fibroblasts
To assess whether TESK1 knockdown could promote human
iPSC generation, human foreskin fibroblast (BJ) cells were trans-
fectedwith control or TESK1-targeting siRNA and reprogrammed
to iPSCs using episomal DNA vectors. TESK1 siRNA effectively
reduced TESK1 mRNA levels and resulted in an increase in AP+
colonies (Figure 6A). iPSCs derived from control and siTESK1
fibroblasts exhibited similarmorphology (Figure 6B). Further char-
acterization of human siTESK1-iPSCs by immunohistochemistry
showed that thesecellsexpressedhumanESCmarkers, includingCell Stem Cell 14, 523–OCT4, SOX2, NANOG, Tra-160, Tra-1-81,
and SSEA3 (Figure 6C), indicating that
these cells have achieved an ESC-like
pluripotent state. Next, we determined
the differentiation capabilities of si-
TESK1-iPSCs in vitro with EB formation
assays and in vivo by teratoma formation
in mice. EBs expressed markers of three
germ layers, including SOX17, FOXA2,
GATA4, NESTIN, and PAX6, on day 14 af-
ter inducing differentiation (Figure S6).
Similarly, teratomas formed 8 weeks after
transplantation of human iPSCs into the
dorsal flanks of severe combined immu-
nodeficiency (SCID) mice contained tis-
sues from three germ layers, including
neural rosette-like structures (ectoderm),
striated muscle (mesoderm), and intes-
tine-likestructures (endoderm) (Figure6D).Further, karyotyping of the siTESK1-iPSCs showed normal chro-
mosome structures (Figure 6E). Together, these results demon-
strate that TESK1 KD promotes the generation of human iPSCs
that are pluripotent and have a normal karyotype.
DISCUSSION
Using Oct4-GFP MEFs and standard OSKM reprogramming
protocols, we performed a kinome-wide functional genomics
screen to identify the role of kinases in iPSC generation. In partic-
ular, we were interested in identifying signaling mechanisms or
networks that could act as barriers to reprogramming. Induced
reprogramming is an unnatural phenomena governed by the
addition of transcription factors, RNA, or small molecules where
one cell type is changed to another. In our case, we reprog-
rammed MEFs to iPSCs by using OSKM transcription factors.
Therefore, addition of four factors in MEFs would upregulate
resistance mechanisms for cell fate changes that we denote as534, April 3, 2014 ª2014 Elsevier Inc. 531
Figure 7. Interactome Network of Kinases
and Cytoskeletal Remodeling in Reprog-
ramming
(A) Interactome network of kinases and transcrip-
tion factors in iPSC generation. The interactome
network depicts the functional associations of 24
bridge proteins that connect 28 barrier kinases
and four transcription factors. The predicted
network was generated by STRING (version 9.0)
on the basis of protein interactions of high confi-
dence (score > 0.7). Each bridge protein is
associated with at least two barrier kinases and
one transcription factor. Top-ranked functional
annotations generated by Ingenuity IPA suggests
the bridge proteins are likely to be involved in the
EMT and/or MET programs. Nodes and edges
represent proteins and predicted functional
associations, respectively. The colored lines indi-
cate the seven types of evidence used in predict-
ing the associations: red for fusion, green for
neighborhood, blue for cooccurrence, purple for
experimental, yellow for text mining, light blue
for database, and black for coexpression evi-
dence (see Table S5).
(B) Proposed mechanism for TESK1 and LIMK2
function in cytoskeletal remodeling and iPSC
generation. TESK1 or LIMK2 phosphorylates
cofilin to promote the formation and/or stabili-
zation of the cytoskeletal structures involved in
EMT and cellular differentiation. RNAi-mediated
silencing of either kinase inhibits cofilin phos-
phorylation, which in turn disrupts actin poly-
nucleation, promotes the MET transition step of
reprogramming in 4F-infected MEFs, and thus
enhances iPSC generation.
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that lower these barrier signaling mechanisms would enhance
reprogramming.
Our kinome wide RNAi screen identified 59 kinases involved
in diverse highly interconnected molecular functions that acted
as barriers to iPSC generation. Interestingly, of the 59 kinases
identified as barriers in iPSC generation, five function in the
integrin-linked kinase (ILK) signaling network. After in-depth
analysis of seven of the kinases, we observed that of TESK1 or
LIMK2 silencing in MEFs promoted MET, decreased cofilin
phosphorylation, and disrupted actin filament structures during
reprogramming. The morphology of TESK1-KD MEFs visualized
by both fluorescence confocal microscopy and EM showed
disruption of actin filaments in the ordered array of bundles.
Using integrin ligands and small molecule inhibitors of TGFbR1,
we found the existence of a crosstalk between the ILK and TGFb
pathways to regulate cytoskeletal remodeling.532 Cell Stem Cell 14, 523–534, April 3, 2014 ª2014 Elsevier Inc.To build a kinome interaction network
for iPSC generation and to understand
the functions of the 59 barrier kinases
and OSKM, the known and predicted
protein interactions of barrier kinases
and transcription factors were derived
from the STRING database with high
confidence score. We first analyzed thedistribution and number of interacting proteins for each
kinase because we reasoned that the proteins functionally
interacting with both kinases and transcription factors would
be likely to play important roles in iPSC generation. To narrow
down the many interactions generated from the prediction and
to increase the reliability of the interpretation, our analysis
included only those proteins having functional associations
with two or more kinases and at least one transcription factor.
A total of 24 bridge proteins, listed in Table S4, were found to
connect 28 barrier kinases and four transcription factors in
iPSC generation. The interactome network showing the bridge
proteins clustered in the middle tier is illustrated in Figure 7A.
The analysis of canonical pathways indicated that most of the
bridge proteins are components of signaling and cell communi-
cation pathways that trigger and regulate the EMT (Table S5).
The top-ranked functional annotation of the bridge proteins in
the enrichment analysis by Ingenuity IPA also suggested that
Cell Stem Cell
Kinome-Based Mechanisms of iPSC Generationthese proteins were involved in the EMT and/or MET processes
(Figure 7A).
Our results suggest a model in which TESK1 and LIMK2
regulate cytoskeletal changes during reprogramming through
phosphorylation of cofilin and/or stabilization of the actin
cytoskeleton. In the cell, phosphorylated and nonphosphory-
lated forms of cofilin exist in dynamic equilibrium maintained
by kinases and phosphatases. Two cofilin-specific phospha-
tases, slingshot and chronophin, dephosphorylate cofilin and
induce actin depolymerization in response to a number of stimuli
(Kligys et al., 2007). Our data suggest a sequence of events in
which RNAi-mediated silencing of TESK1 or LIMK2 in MEFs
inhibits cofilin phosphorylation, disrupts actin polymerization,
increases E-cadherin expression, promotes the MET step of
reprogramming, and thus enhances iPSC generation (Figure 7B).
Indeed, knockdown of the slingshot protein SSH1 in MEFs with
OSKM, hyperphosphorylated cofilin and decreased the reprog-
ramming efficiency by 40% (Figures S4C and S4D), further
supporting the role of cofilin dephosphorylation in reprogram-
ming. iPSC generation is not an efficient process and large
heterogeneous populations of cells are created at various stages
of reprogramming, most of which do not successfully attain the
pluripotent state. As such, partially reprogrammed cells, which
represent the large majority of cells, exhibit increased TESK1
expression, consistent with it being a barrier to reprogramming.
Cells that are successfully reprogrammed, however, must have
actin depolymerization to achieve their well established ES-like
morphology as shown in Figure 4B. Reorganization of the actin
cytoskeleton is critical in many cellular functions, including
motility, adhesion, morphogenesis, and cytokinesis. Another
intriguing possibility is that reorganization of the actin cytoskel-
eton following TESK1 or LIMK2 depletion alters the extracellular
matrix structural framework to create an ESC niche, thereby
facilitating iPSC generation. Future studies should shed light
on these mechanisms. Overall, our study describes kinase regu-
lators and networks involved in iPSC creation. These findings
should foster the development of new technologies and increase
our understanding of the mechanisms underlying somatic cell
reprogramming.EXPERIMENTAL PROCEDURES
MEF Reprogramming
MEFs were isolated from E13.5 embryos derived from Oct4-GFP mice
(Jackson Laboratory, #008214) (Lengner et al., 2007) and used (up to pas-
sage 4) for induction experiments. Oct4-GFPMEFs were maintained in growth
medium (DMEM, 10% FBS, L-glutamine, MEM-NEAA). With slight modifica-
tion, retrovirus production and induction of iPSCs were performed following
the Takahashi et al. (2007) protocol. Lentivirus-containing media collected
from infected 293FT cell cultures were added to the MEF plates on day 3.
On the following day, medium was replaced with fresh MEF medium; from
day 5 onward, the medium was replaced with mESC growth medium
(DMEM, 15% FBS, LIF, monothioglycerol [MTG], L-glutamine, MEM-NEAA)
every other day until GFP+ colony counting and picking (days 14–18). GFP+
iPSC colonies were trypsinized, resuspended in mESC medium, and plated
on 12-well plates with an irradiated MEF feeder layer. iPSC clones were
seeded on 24-well plates with feeder layers for immunostaining. For time
course experiments, lentivirus-containing media were prepared fresh for
each time point and were added to the MEF plates on indicated dpi. The
medium was replaced with mESC growth medium on the following day and
then every other day until counting of GFP+ colonies.Teratoma Formation by Mouse iPSCs
iPSCs were trypsinized and resuspended in EB medium at 1 3 106 cells/ml.
Nude mice were anesthetized with Avertin and 150 ml of iPSCs were injected
subcutaneously into the back. Teratomas were visible after 1 week and surgi-
cally removed at 3–4 weeks. Tissues were fixed in zinc formalin solution over-
night, washed three times with PBS, and stained with hematoxylin and eosin
(H&E). All animal work was approved by the Institutional Review Board and
was performed following Institutional Animal Care and Use Committee
guidelines.mRNA Microarray Analysis
Total RNA was extracted from derived iPSCs using Trizol. mRNA microarray
analysis was carried out by the microarray facility at the Sanford-Burnham
Medical Research Institute. ArrayExpress accession: E-MTAB-2258. A scatter
plot was used to compare the genome-wide mRNA expression profiles of
iPSCs, MEFs, and mESCs.Interaction Network Analysis
The protein-protein interactions of barrier kinases and four transcription
factors, Myc, Klf4, Pou5f1, and Sox2, were collected by searching the STRING
database (Szklarczyk et al., 2011), version 9.0, with a confidence score of >0.7.
The enrichment analysis of the bridge proteins between barrier kinases and
transcription factors was performed using Ingenuity IPA. The annotation of
KEGG canonical pathways was downloaded from the Molecular Signatures
Database (MSigDB) (Subramanian et al., 2005), version 3.0.Confocal Microscopy
The cells were treated with siRNAs and seeded onto the micro well
dishes, 3 days and 1 day prior to immunostaining, respectively. The cells
were washed with PBS and fixed in 4% paraformaldehyde for 20 min at
room temperature (RT) followed by a PBS wash and permeabilizing with
PBS with 0.1% Triton X-100 (PBST) for 5 min. Cells were blocked with 5%
BSA in PBST for 1 hr, incubated with primary antibodies diluted in 2.5%
BSA in PBST for 1 hr at RT, and washed with PBST. After incubating with
secondary antibodies (1:400) for 1 hr at RT (diluted in 2.5%BSA in PBST), cells
were washed with PBST and rinsed twice with PBS. For F-actin, the cells were
stained with Rhodamine Phalloidin at 1:40 dilution in PBST for 20 min at RT.
The Myosin antibodies were obtained from Cell Signaling (catalog #5144).
The images were acquired on Zeiss LSM710 confocal microscope and pro-
cessed using Image J and Photoshop.SUPPLEMENTAL INFORMATION
Supplemental Information for this article includes Extended Experimental
Procedures, six figures, and five tables and can be foundwith this article online
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